Photosynthetic responses of Aegilops comosa genotypes were compared to those of wheat Mv9kr1 and Chinese spring in order to verify whether Ae. comosa TA2760 and MvGB1039 genotypes are potentially suitable gene sources for improving the drought and salt tolerance of bread wheat. Although there are some differences between the non-stressed plants and the measure of the decrease of the net-photosynthesis (PN), it was strongly inhibited by water deficit. Salt stress had similar effect on PN but at the highest (300 mM) NaCl concentration PN of the genotypes showed some activity. Severe drought induced a strong decrease in the effective quantum yield of PS II (ɸPSII) in the genotypes, while it was moderate in the case of salt treatment. Moreover, ɸPSII was unaffected by the increase of NaCl concentration in wheat lines. Parallel with the decrease in ɸPSII, the photoprotective mechanisms were enhanced in the wheat and wild wheat genotypes during water deficit. These results suggest that the Ae. comosa genotypes seem to respond to these stress factors with similar photosynthetic activity to the wheat lines. Thus, based on the above-mentioned facts, the examined Ae. comosa lines are not particularly good candidates for improving drought tolerance of wheat.
INTRODUCTION
Abiotic environmental factors due to the forecasted effects of global climate change can considerably endanger the productivity of cultivated plants. An important problem is the rhapsodic rainfall pattern (Trenberth et al. 2007) , which often results agricultural damages by drought and/or salt stress. Although drought is the most common abiotic stress factor (Araus et al. 2002) but also the agricultural lands are often affected by salt stress (Munns 2005) . In field conditions, a positive relationship of photosynthetic capability and crop production has been well documented. At the same time, photosynthesis is particularly sensitive to drought and salinity (Ashraf and Harris 2013 , Dulai et al. 2014 , Szopkó et al. 2017a , Szopkó and Dulai 2018 .
Under stress conditions the limitation of photosynthetic capacity takes place in two stages: (i) limitation associated with decreased stomatal conductance, known as stomatal limitation (Ls, Centritto et al. 2003 , Dulai et al. 2014 ); (ii) limitation due to nonstomatal processes (Lns) mainly at severe drought and higher salt concentrations or longer salt stress (James et al. 2002 , Szopkó et al. 2017b . Under moderate water deficit or in the first stage of salt stress, which also has osmotic effect, the reduction in net photosynthesis (PN) mainly due to the stomatal closure (Chaves 1991; Medrano et al. 2002) . In this case the CO2 diffusion into the leaves is also restricted resulting in a decrease in the intercellular CO2 concentration (Ci) (Cornic 2000) and CO2 carboxylation (Flexas et al. 2004) . At the same time, the reduced stomatal conductance (gs) may contribute to maintaining water content through a decreased transpiration rate, which could be favourable for minimizing Na + transport towards the shoots (Tester and Davenport 2003) . Thus, closed stomata have both positive and negative effects on photosynthesis (Szopkó et al. 2017b) .
When the stress turns severe, photosynthesis is also limited by factors other than stomatal closure. The drought induced nonstomatal limitation of PN may be caused by the restricted mesophyll conductance or by metabolic factors (Medrano et al. 1997 , Chaves et al. 2003 . Similar to water deficit, salt stress also has many consequences for nonstoma-dependent processes as well. Salt-induced non-stomatal inhibition (Lns) can be observed when the CO2 assimilation is disturbed by the presence of toxic ions. This limitation may be associated with limited Rubisco activity a reduced amount of Rubisco protein or week efficiency of PSII in the second stage of salt stress (Muranaka et al. 2002 , Kalaji et al. 2011 , when a high concentration of toxic Na + and Clions evolves in the leaves (Munns and Tester 2008) .
During drought and salt stress photosynthesis is often hindered by the secondary effect of disturbed water and ion homeostasis. The increasingly severe limitation of photosynthesis leads to the plant absorbing more light energy than that can be used by CO2 fixation (Smirnoff 1993) . Although the excess light can be partially dissipated as heat, it has the potential to cause the over-reduction of the linear electron transport chain, leading to oxidative damage (Smirnoff 1993 , Flexas et al. 2004 . Under these circumstances the down-regulation of photosynthesis by non-radiative energy dissipation (Demmig-Adams et al. 1996) and/or photorespiration represent an efficient defence mechanism in C3 plants. Thus, the facility to maintain promising photosynthesis and consequently achieve adequate growth and production are based on these intensive protecting/regulating mechanisms.
Interspecific hybridization of wheat with wild relatives is an appropriate breeding strategy to improve the stress tolerance (Colmer et al. 2006 , Schneider et al. 2008 , Pradhan et al. 2012 . Aegilops species are widely used as genetic resources in the breeding of bread wheat. These plants are native in the Mediterranean coastal areas characterised by hot, dry vegetation periods often with high salinity (Molnár et al. 2004 , Dulai et al. 2006 ). Relating to this, Aegilops species might adapt to the unfavourable environmental conditions thus their ability to tolerate some abiotic stresses has already been partly described (Zaharieva et al. 2001 , Molnár et al. 2004 , Dulai et al. 2006 .
However, the drought and salt tolerance of some Aegilops comosa genotypes is unclear. The aim of the present study was to clarify the drought and salt tolerance of the Ae. comosa TA2760 and MvGB1039 lines. For this purpose these plants were exposed to drought and salt stress and the photosynthetic responses of these genotypes were compared to those of wheat Mv9kr1 and Chinese spring. It is revealed that whether Ae. comosa TA2760 and MvGB1039 genotypes are potentially suitable gene sources for improving the drought and salt tolerance of bread wheat.
MATERIALS AND METHODS

Plant materials
In our experiments Ae. comosa TA2760, MvGB1039, Mv9kr1 and Chinese spring wheat genotypes were investigated. The seeds of lines were provided by Márta Molnár-Láng and István Molnár, Agricultural Institute of the Hungarian Academy of Science (Martonvásár, Hungary). The seeds were germinated in laboratory conditions on filter paper moistened with distilled water than they were grown in half-strength modified Hoagland nutrient solution (Nagy and Galiba 1995) in 1500 ml pots or were planted in soil (5 seeds/pot). Plants grow at 25/20°C in a growth chamber with a photosynthetic photon flux density of 200 μE m -2 s -1 and 14/10 hours of light/dark illumination. Salt stress was induced by applying 150 and 300 mM concentration of NaCl (Sigma, St. Louis, USA) in seven-day cycles. After reaching the highest salt concentration, the salt was eliminated from the medium. Measurements were made before the treatment (5-week old plant), after each seven-day treatment and after two and seven days of regeneration without NaCl. The watering of the Aegilops lines and wheat lines grown in soil was abolished after the age of 5 weeks. In the case of water-deficient plants, the measurements were performed on the 4th, 7th and 10th day of water shortage. The regeneration ability was investigated by the total humidification of the soil.
Gas exchange measurements
The CO2 assimilation of intact leaves was measured with an infrared gas analyser (GFS-3000FL, Walz, Effeltrich, Germany). The net assimilation rate (PN) was calculated in the light-saturated state of photosynthesis (1000 μmol m -2 s -1 ) using the equations reported by von Caemmerer and Farquhar (1981) . The gas exchange chamber parameters were 25°C, 20% relative humidity. The CO2 concentration of the reference air was 360 ppm.
Chlorophyll fluorescence measurements
The in vivo chlorophyll a fluorescence was measured in darkadapted intact leaves using a dual channel P700 and chlorophyll fluorescence measuring system (Dual PAM-100, Walz, Effeltrich, Germany). The initial level of fluorescence (F0) was excited by a weak 460-nm light beam after 15 min dark adaptation. The maximal fluorescence level of the dark-(Fm) and light-(Fm') adapted leaves were determined by applying saturating flashes (15000 mol m -2 s -1 PAR) with 0.8 s duration. Photosynthesis was induced by continuous illumination of the leaf at 1000 mol m -2 s -1 (650 nm, actinic light) for 10 min. The fluorescence parameters were calculated as described by van Kooten and Snel (1990) 
Statistical analysis
Five measurements were performed on each genotypes and treatment for chlorophyll fluorescence and for CO2 gas exchange analyses. The results are presented as the means ± standard deviations (SD) of five independent experiments. Differences between treatments or genotypes within each treatment were determined by means of Tukey's post hoc test (p≤0.05) using the SPSS 16.0 software.
RESULTS
Water deprivation, similar to increase of salt concentration, resulted in a gradual decrease in stomatal conductance. In the water stressed lines almost total closure of the stomata was observed at the 10-day water stress while it was not fully complete at the highest salt concentration (data not shown). Although there are some differences between the non-stressed plants and the measure of the decrease of the CO2 assimilation rate, PN was strongly inhibited by water deficit at the seventh day of treating ( Figure 1A) . When the drought stress was more severe (at the tenth day of the treatment) PN was almost fully inhibited in all of the examined genotypes. Salt stress had similar effect on PN but at the highest (300 mM) NaCl concentration, PN of the genotypes showed some residual activity. However, the measure of this inhibition was more or less proportional to that of the water-deficient plants. During the regeneration period PN was restored swiftly for the drought treated plants: the recovery was complete on the second day of the relaxation period. In the case of salt stress the restoration was slower but also complete by the 7th day of the regeneration period. Chlorophyll fluorescence measurements provide a fast and adequate method for analysing the functioning of the photosynthetic apparatus. Although there was a slight decrease in the optimal quantum yield of PS II (Fv/Fm) by the second day of the regeneration period in the case of the salt treatment, both water and salt stresses did not result a significant decrease in this parameter in any plants (Figure 2C, F) . In untreated plants and under mild (four day drought treatment and 150 mM NaCl) stress conditions, ɸPSII was similar in the genotypes (Figure 2A, D) . The severe drought induced a strong decrease in the effective quantum yield of PS II (ɸPSII) in the genotypes, while it was moderate in the case of salt treatment. Moreover, ɸPSII was unaffected by the increase of NaCl concentration in wheat Mv9kr1. Parallel with the decrease in ɸPSII, the non-photochemical quenching (NPQ), reflecting the regulated heat dissipation, increased especially during the drought treatment, and slowly recovered to the original level after the stress treatments ( Figure 2B) . By contrast, NPQ showed a slight increase in Mv9kr1 and Chinese spring wheat cultivars during salt treatment. At the same time, this parameter rose sharply in Ae. comosa TA2760 and MvGB1039 and did not recovered fully during the seven days relaxation period (Figure 2E) . Thus, the 10-day water deprivation induced NPQ in all lines with very similar extent, but the increase of photo-protective 0 4 7 10 2 7 0 150 300 2 7
Drought treatment Recovery (days) NaCl concentration (mM) Recovery (days) mechanisms were detected only in Ae. comosa genotypes when salt stress was developed.
DISCUSSION
Under water deficit and/or salt stress, the stomata closure is a wellknown phenomenon (Molnár et al. 2004 , Dulai et al. 2014 , Szopkó et al. 2017b . The decrease in stomatal conductance (gs) affects not only the regulation of water loss through the transpiration, but also inhibits the photosynthetic CO2 fixation by limiting CO2 diffusion into the leaves (Chaves 1991 , Cornic 2000 . As mentioned above, the water deprivation caused an almost total closure of the stomata at the 10-day water stress (data not shown). In our experiments, the CO2 assimilation rate modified likewise as gs: PN values were substantially decreased not only in wheat but also in wild wheat lines. Although the better tolerance of several Aegilops species to drought is well documented (Molnár et al. 2004 , Dulai et al. 2006 , these results indicate that drought tolerance of the examined wild wheat lines according to CO2 assimilation processes is similar to those in wheat genotypes. Thus, based on the overall photosynthetic capacity, the examined Ae. comosa lines are not particularly good candidates for improving drought tolerance of wheat. Similar to drought, photosynthetic processes are also modified during salt stress (Szopkó et al. 2017b ). Prior to the accumulation of toxic ions, salt treatment also causes osmotic stress, influencing the water status, stomatal conductance and net carbon fixation capacity of plants Tester 2008) . PN was a little bit higher in Ae. comosa MvGB1039 than this was in wheat lines at all levels of salt treatment (P≤0.05). Apart from this, it decreased considerably even at a moderate stress level in all lines.
These results show that the examined lines were not able to maintain their photosynthesis at a promising level during salt stress. Compared to the drought treatment, at 300 mM salt concentration PN of the genotypes showed a little bit higher activity than the 10-day water deprivation. This is probably due to the less strong closure of stomata. When drought or salt stress become severe and CO2 assimilation is strongly inhibited, the role of non-stomatal factors in the limitation of photosynthesis usually becomes more pronounced (Brugnoli and Lauteri 1991, Qin et al. 2010) . One of the nonstomatal factors affecting CO2 fixation during water deficit or salt stress is the inhibition of the photochemical and electron transport processes (Keck and Boyer 1974 , Giardi et al. 1996 , Szopkó et al. 2017b . At the same time, the contribution of these processes to the limitation of PN usually depends on the duration/intensity of the treatment (Kalaji et al. 2011) . In the present experiments, the optimal quantum yield (Fv/Fm) were practically unaffected by the treatments. Consequently, our results show that the applied water deficit and salt treatment has only a marginal effect on the capacity of primary charge separation. Thus, no PSII damage observed, as 0 4 7 10 2 7 0 150 300 2 7
Drought treatment Recovery (days) NaCl concentration (mM) Recovery (days) also reported by previous studies (Ben et al. 1987 , Grieu et al. 1995 , Dulai et al. 2006 , 2014 , Stiller et al. 2008 , Szopkó et al. 2017b . The different performance of effective quantum yield of PSII (ɸPSII), indicated that the electron transport processes were influenced distinctly by drought and salt stress in the given lines. Drought has significant effect on ɸPSII in all lines: the values of this parameter gradually decreased during the treatment indicating that electron transport processes were partly down-regulated in these genotypes. Parallel with the decrease of ɸPSII, the photoprotective mechanisms were intensely accelerated in the wheat and wild wheat genotypes during water deficit, as indicated by the higher values of the non-photochemical quenching (NPQ). These processes compete with primary photochemistry for the absorbed excitation energy, leading to a decrease in ɸPSII (Genty et al. 1989) and an increase in non-radiative energy dissipation in the light-harvesting complexes (Horton and Ruban 2005, Chaves et al. 2009 ). In spite of the drought treatment, ɸPSII was less sensitive to the applied range of salt stress in most of the lines, and even in wheat genotypes, it has not decreased in parallel with the treatment. It seems unlikely that the down-regulation of the PSIIdriven electron transport is responsible for the limitation of photosynthesis, because the decrease in ɸPSII was relatively moderate and the relaxation of photosynthetic CO2 fixation in wheat genotypes was faster than the recovery of ɸPSII. It has also been shown by several authors (Apostolova et al. 2006 , Dulai et al. 2014 , Szopkó et al. 2017b ) that PSII is usually more sensitive to stress factors (drought, salt, heat, etc.) than PSI. Moreover, PSI activity may even be enhanced during salt stress (Sudhir et al. 2005) . Consequently, there is a possibility that electrons may also follow a cyclic route, around the PSI and known as cyclic electron flow (CEF), which generate ΔpH across the thylakoid membranes leading to the formation of ATP but not NADPH, thus preventing the over-reduction of the acceptor side of PSI. Consequently, CEF helps to prevent the subsequent oxidative damage when carbon fixation is limited by water deficit or salt stress (Golding and Johnson 2003 , Dulai et al. 2014 , Szopkó et al. 2017b ). Based on the higher values of NPQ in all lines under severe drought and in Aegilops genotypes under severe salt stress might make it possible that CEF may help to prevent the over-reduction of the electron transport chain and subsequent oxidative damage (Dulai et al. 2014 , Szopkó et al. 2017b .
In conclusion, the results proved that the examined Aegilops comosa lines were not able to maintain their photosynthesis at a promising activity under drought and salt stress. These lines seem to respond to these stress factors with similar photosynthetic activity to the wheat lines. Thus, based on the above-mentioned facts, the examined Ae. comosa lines are not particularly good candidates for improving drought and/or salt tolerance of wheat.
